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Experimental and theoretical study of the solubility of carbon dioxide in aqueous blends of piperazine and N-methyldiethanolamine
Introduction
The technology of adding small amounts of an accelerator to an aqueous solution of a tertiary (alkanol)amine has found widespread application in the selective or bulk removal of carbon dioxide from process gas streams. The principle behind the use of these solvents is based on the relatively high rate of reaction of carbon dioxide with the accelerator, usually a primary or secondary amine, and the low reaction enthalpy of CO 2 with the tertiary amine. This leads to higher absorption rates in the absorber section, while maintaining a low energy penalty due to regeneration of the solvent in the desorber column. One commonly used solvent nowadays is a piperazine (PZ) activated aqueous solution of N-methyldiethanolamine (MDEA). Indispensable for a good understanding of the behavior of these amine solutions in the absorption-desorption process is a detailed knowledge on the thermodynamics of the solvent. On one hand, the CO 2 equilibrium partial pressure over a loaded amine solution determines the operating window in absorber and stripper, while, on the other hand, a thermodynamic model can provide information on the speciation of the solvent, which -among other things -determines (local) driving forces, reactions rates and hence rates of absorption. Although a piperazine activated aqueous MDEA solution is a commonly used solvent these days, only few studies on the thermodynamics of this system have been reported in the literature.
Xu et al. [1] investigated the effect of the addition of piperazine on the equilibrium partial pressure and liquid loading of carbon dioxide in aqueous MDEA solutions. They reported CO 2 liquid loadings and corresponding partial pressures over solutions containing 4.28 kmol Á m
À3
MDEA and PZ concentrations up to 0.515 kmol Á m
. Liu et al. [2] , from the same research group as Xu et al. [1] , determined experimental CO 2 solubilities over a wide range of conditions. They varied both the piperazine and the MDEA concentrations, as well as the temperature in their experiments. Moreover, they described their data using two modelling approaches: a thermodynamic model that incorporates an extended Debye-Hückel expression, and a more simple Kent-Eisenberg approach. Neither of the models derived, however, included any of the carbamated piperazine species ½PZCOO À , þ HPZCOO À , and PZðCOO À Þ 2 .
Bishnoi and Rochelle [3] reported experimental carbon dioxide solubilities in a 4.0 kmol Á m À3 MDEA aqueous solution activated with 0.6 kmol Á m À3 PZ at temperatures of (313 and 343) K and partial pressures up to approximately 7.5 kPa. In addition to the solubility data, they also measured the speciation of the liquid for one MDEA-PZ solution loaded with CO 2 using NMR spectroscopy. They and NMR (speciation) data. The obtained model was able to predict the experimental data of Xu et al. [1] and Liu et al. [2] reasonably well.
Pérez-Salado Kamps et al. [4] studied the experimental solubility of CO 2 in aqueous solutions of 2 mol Á kg À1 MDEA and 2 mol Á kg À1 PZ at a temperature of 353 K, and at total pressures ranging from (0.18 to 6.4) MPa. Also, a thermodynamic model, based on Pitzer's equation, was developed and model predictions were compared to the experimental data available at that time. It was found that the model was not able to accurately describe the experimental data taken at CO 2 partial pressures below 100 kPa. It should be noted, however, that no additional (fit) parameters were present in the model to account for the interactions between PZ-and MDEA-species, such as, e.g. between PZCOO À and MDEAH + . Si Ali and Aroua [5] studied the effect of piperazine on the equilibrium CO 2 liquid loading in an aqueous MDEA solution experimentally. Hereto, they determined the CO 2 loading -at constant temperature and CO 2 partial pressure -in aqueous MDEA solutions at concentrations of (2.0, 1.98, 1.90, and 1.80) kmol Á m À3 with respectively (0, 0.01, 0.05, and 0.1) kmol Á m À3 PZ (hence keeping the total ''amine-group" concentration constant in all experiments). They concluded that the addition of PZ increased the solubility of CO 2 in the low partial pressure region when compared to 'pure' MDEA solutions.
This study will focus on the thermodynamics of the equilibrium solubility of CO 2 in aqueous solutions containing both PZ and MDEA. Firstly, new experimental CO 2 solubility data will be presented to extend the existing experimental database on this system. These new data not only include equilibrium pressure data, but also corresponding information on the liquid pH and conductivity of the loaded solvent. Also, a limited number of experimental speciation data will be presented that have been obtained using NMR spectroscopy. Secondly, in this work a thermodynamic model is developed to correlate the experimental data currently available in the literature. The thermodynamic model used in this work is based on the Electrolyte Equation of State (EoS), as originally introduced by Fürst and Renon [6] . This approach has been used to successfully describe CO 2 and/or H 2 S solubilities in aqueous systems containing MDEA, MEA or DEA [7] [8] [9] [10] , and in Derks et al. [11] , it was also proven to be suitable for describing the solubility of carbon dioxide in aqueous piperazine solutions.
Experimental
As mentioned in the previous section, this work includes experimental VLE data, which provide information on the solubility and corresponding partial pressure of CO 2 in aqueous MDEA/PZ solutions, as well as a limited number of liquid speciation data obtained with NMR spectroscopy for these solutions. The experimental methods and procedures that have been used to obtain these data will be described in this section.
(Vapor + liquid)-equilibrium experiments
The experimental setup used in this work was essentially the same as the 'continuous setup' used in a previous study [11] , and will therefore not be described in detail. However, some modifications were made to make the setup suitable for the determination of pH and conductivity for the experiments in the present work.
Firstly, the reactor was connected to a calibrated gas vessel, which was equipped with both a digital pressure transducer and a thermocouple. The presence of the gas vessel made it possible to supply a certain amount of pure CO 2 to the solution in the reactor. Secondly, a sampling loop (total volume about 200 mL) was attached to the reactor for measuring the liquid's pH and conductivity during an experiment. In the sampling loop, a small liquid pump was installed and operated in such a way that the average residence time inside the loop was well below 60 s. Insulation was applied to the entire sampling loop to avoid heat loss, and, to be able to verify this, also the 'returning' liquid temperature was measured with a thermocouple. The actual measuring electrodes were placed straight-up inside a small glass vessel within the loop. The liquid's pH was determined with a Mettler DG 111-SC pH electrode, which was calibrated using standard buffer solutions with known pH. A Radiometer CDC 104 (nominal cell constant 1.0 cm À1 ) type electrode connected to an analogous conductivity meter type CDM 2d was used to measure the conductivity of the solution.
A schematic drawing of the setup is shown in figure 1 . For a detailed picture of the setup, the reader is referred to Derks et al. [11] .
In a typical experiment, known amounts of both piperazine (99%, Aldrich) and MDEA (99%, Aldrich) were dissolved in water and transferred to the reactor. Here, the solution was degassed by applying vacuum for a short while, and subsequently allowed to equilibrate at the desired temperature, after which the (vapor) pressure was recorded. Simultaneously, the gas supply vessel was filled with pure CO 2 and the initial pressure in this vessel was noted. Now, the stirrer in the reactor was switched on and a desired amount of carbon dioxide was fed from the gas supply vessel to the reactor. Then, the gas supply vessel was closed and the contents of the reactor was allowed to reach equilibrium, which was achieved, usually within about 30 min, when the reactor temperature and pressure as well as the pH and conductivity measured in the sampling loop remained constant. The total amount of carbon dioxide fed to the reactor was then determined by the initial and end pressure in the gas supply vessel, according to
The use of the ideal gas law in equation (1) is allowed, as the maximum pressure in the gas supply vessel never exceeded 4 bar. The corresponding liquid loading at a certain CO 2 partial pressure is then determined by The method that was used to determine the corresponding partial pressure depended on whether the setup was operated in a batch-wise or continuous mode of operation during the experiment.
Procedure 'continuous experiments'
In experiments where the equilibrium partial pressure of CO 2 was expected to lie below about 10 kPa, the setup was operated in a continuous mode with respect to the gas phase. During these experiments, a gas flow consisting of N 2 and CO 2 was -after presaturation by an amine solution and water respectively -sent to the reactor, and the CO 2 concentration in the outgoing gas stream was measured using an IR analyzer, type UNOR 610. The composition of the inlet gas stream was adjustable and controlled by two calibrated mass flow controllers (MFCs). Now, upon attainment of equilibrium in the reactor, initially a small sweep stream of pure N 2 gas was passed through the reactor, and the CO 2 content of the outgoing gas stream was measured. The sweep stream was sufficiently small -and hence the gas phase residence time sufficiently large -to ensure that the outgoing gas concentration was at nearequilibrium. Next, the MFC controlling the carbon dioxide gas flow was set to such a value, that the composition of the inlet flow would match the measured outlet composition. This 'trial & error' procedure of adjusting the carbon dioxide MFC (and hence inlet composition) to the detected CO 2 content in the outlet, was repeated until the IR analyzer did give a stable signal. At this point, usually attained within about (20 to 30) min, the inlet gas composition (set by the MFCs) matched the outlet composition, which in turn determines the equilibrium composition of the gas in this experiment.
Procedure 'batch experiments'
In experiments where the equilibrium partial pressure of CO 2 exceeded 10 kPa, the reactor was operated batch-wise with respect to the gas phase. Now, the CO 2 partial pressure was directly calculated from the total equilibrium pressure in the reactor corrected for the lean solution vapor pressure. Hereby, it was implicitly assumed that the vapor pressure was not influenced by the amount of CO 2 present in the solution.
Validation
The experimental setup and procedures were validated by measuring the carbon dioxide solubility in an aqueous solution of 2.0 kmol Á m À3 MDEA at 313 K, a system for which results are extensively reported in the literature. Results are listed in table 1 and compared to literature sources in figure 2 . Figure 2 shows that the new experimental data are well in line with solubility data reported in the literature and therefore the results obtained with the current experimental setup and using the experimental procedures can be considered to be reliable.
NMR spectroscopy experiments
Carbon dioxide partial pressure data are generally the kind of equilibrium solubility data used in the regression of (thermodynamic) parameters present in acid gas equilibria modelling. However, the ability of a model to describe or predict equilibrium pressures, does not automatically imply that it can also correctly predict the liquid phase speciation -which in turn is a vital input in the rate-based rigorous modelling of both the absorption and desorption column. The model predicted speciation can, partly and indirectly, be validated with the use of experimental pH and conductivity data, if available, as these data provide information on the activity of the H 3 O þ (and the OH À ) ion and on the total ion concentration present in solution. Even more specific information on the liquid phase composition of a loaded (alkanol)amine solution can be obtained using NMR spectroscopy, as illustrated in the literature [3, [15] [16] [17] . To obtain more information on the liquid phase speciation as a function of carbon dioxide loading also in this study the liquid phase composition of an aqueous 4.0 kmol Á m À3 MDEA, 1.0 kmol Á m À3 PZ has been determined using NMR measurements at 298.15 K. The experimental procedure regarding the NMR spectroscopy and required details are described below. The amine solution was prepared by dissolving known amounts of piperazine (purity 99%, Aldrich) and MDEA (purity 99%, Aldrich) in water and deuterium oxide (purity 99%, Aldrich). The final solution contained about 10 volume% D 2 O to ensure a good 'lock signal' in the NMR apparatus.
Subsequently, about 0.8 mL of the solution was injected with a syringe into a Wilmad 528-PV-7 NMR tube. The NMR tube was connected to a calibrated gas supply vessel equipped with a Heise 3710 pressure transducer. A desired amount of carbon dioxide (quality 4.0, Hoekloos) was added from the gas supply vessel to the NMR tube, and the resulting CO 2 loading was calculated from the pressure difference in the gas supply vessel, using equations (1) and (2) . In the loading calculation, it was assumed that the amount of CO 2 present in the gas phase was negligible compared to the amount absorbed by the liquid. Next, the sample tubes were allowed to equilibrate in a softly shaken thermostatted bath for at least a week, after which the NMR spectra were taken. H NMR results were used for a more quantitative analysis of the different reaction products. As it is not possible with the presently applied method to distinguish between a base and its conjugate acid (e.g. MDEA and MDEAH + ) or the ratio of the two, without an extensive calibration procedure (see, e.g. [17] ), only the following three (piperazine) groups could be quantified: piperazine, protonated piperazine and diprotonated piperazine, piperazine monocarbamate, and its protonated counterpart, piperazine dicarbamate.
The ratio between total MDEA and total PZ was used as an internal reference to check the consistency of the measurements.
Electrolyte equation of state modelling

General
When carbon dioxide is dissolved in an aqueous solution containing piperazine and MDEA, several (equilibrium) reactions take place:
Carbonate formation: HCO
These nine independent equilibria -in combination with the piperazine, MDEA, H 2 O/hydrogen and CO 2 mass balances and the electroneutrality criterion -results in a system of 14 equations to be solved for the 14 species that are taken into account in the model. The non-ideality of the system is taken into account using the Electrolyte Equation of State -which will be (shortly) described in the next section. It should be noted that, in the model, the presence of the carbonate ion ðCO 
Model buildup
The thermodynamic model applied in this work is the Electrolyte Equation of State (EoS), as originally introduced by Fürst and Renon [6] , in which the system's non-ideality is calculated from (the sum of) four different contributions to the (reduced) free Helmholtz energy of the system A R (see equation (3)):
The first two terms in equation (3) describe the molecular interactions (repulsive forces, RF, and short range interactions, SR1) in the system. Interactions between molecular and ionic species as well as ion-ion interactions are included in the second short range term (SR2). The fourth contribution to the reduced Helmholtz energy stems from the long range ionic forces (LR). All governing equations describing these individual contributions are listed in detail in Derks et al. [11] , and will therefore not be given here.
The total model, which will be used to describe the quaternary H 2 O-CO 2 -PZ-MDEA system, requires -besides various physical and/or thermodynamic constants -several sets of pure, binary, or ternary (fit) parameters which need to be determined on beforehand on the corresponding subsystems. A schematic overview of the model structure is given in figure 3 .
In Derks et al. [11] , the Electrolyte EoS model was used to successfully describe the CO 2 solubility in aqueous piperazine solutions. From figure 3, it can be concluded that many parameters necessary for the present, quaternary system, model, are also parts of the previously developed model for the ternary system PZ-CO 2 -H 2 O. For information on the (method of) determination and/or estimation of these sets of parameters (marked with x in figure 3 ) and their respective values, the reader is therefore referred to Derks et al. [11] . The parameters of the ternary subsystem PZ-CO 2 -H 2 O are used ''as is" in the quaternary system. The second ternary subsystem MDEA-CO 2 -H 2 O has been more frequently studied. From the experimental literature data available, the required EoS parameters will be derived. This is discussed in the next section.
Thermodynamics of the ternary
Before the model can be used to describe the quaternary system, also the (reactive) ternary system with MDEA needs to be correlated according to the EoS approach, since the majority of the remaining, unknown, parameters in the total model (marked with # in figure 3 ) are a part of this second ternary system, consisting of MDEA, carbon dioxide, and water.
Initially, the various pure component and binary interaction parameters were determined in a similar manner as in the previous work for PZ-CO 2 -H 2 O: The polar parameters p 1 ; p 2 ; p 3 of MDEA were fitted to experimental pure vapor pressure data [18] [19] [20] , while both freezing point depression data [21] and VLE data [22] [23] [24] were used to regress the interaction parameters in the (MDEA + water) system. The molecular interaction between MDEA and CO 2 , however, was differently described compared to the interaction between piperazine and carbon dioxide. Whereas in the latter system, one single mixing parameter, k mix , was used to
Binary interaction parameters
Ionic interaction parameters
Ionic interaction parameters FIGURE 3. Schematic overview of the model structure.
describe this interaction, the Huron-Vidal mixing rule will be applied to model the MDEA -CO 2 molecular interaction, following the approach by Huttenhuis et al. [25] . They suggested to fit these binary, mixing parameters to the available (physical) N 2 O solubility data in pure and aqueous MDEA, converted to physical CO 2 solubilities with the CO 2 -N 2 O analogy. The effect of applying the Huron-Vidal mixing rule ('New model') rather than the single parameter approach ('Old model') is illustrated in figure 4 . All resulting (pure and binary) fit parameters and the experimental data sources have been listed in table 2, along with the various physical and critical constants. All other, remaining parameters needed in the MDEA-CO 2 -H 2 O modelling, such as, e.g. the pure water parameters and the H 2 O-CO 2 interaction parameters, can be found in Derks et al. [11] .
The chemical equilibria considered in this subsystem are:
All chemical equilibrium constants in this work are defined in the mole fraction scale with as reference state infinite dilution in water for all species except water, their temperature dependence is given by equation (4) and the corresponding coefficients C 0 À C 2 are listed in table 3 ln
With respect to the implementation of the ternary MDEA system in the quaternary model, the following simplifications and assumptions have been made:
The concentration of H 3 O þ in the solution is marginally small for typical operating conditions and can therefore be neglected, which is a generally accepted assumption considering the basic environment of aqueous alkanolamine -acid gas solutions. Also the presence of carbonate ions is neglected, based on the pH range of interest and the equilibrium constant for this reaction. The same simplification was adopted in previous equilibrium studies [9, 10] .
Only interactions between cations and anions, and cations and molecular species were included in the model, all other ionic interactions were neglected -as in previous publications on the Electrolyte EoS modelling. The ionic interaction between MDEAH + and the hydroxide ion OH À has been set to zero, as preliminary simulation runs
showed that the influence of this parameter on the model outcome was negligibly small for typical operating conditions.
In the literature, many different experimental data series on the solubility of CO 2 in aqueous MDEA solutions have been reported, which could be used in the regression of the (four) remaining ionic interaction parameters for the ternary ðMDEA þ CO 2 þ H 2 OÞ system (see table 5 ). In this work, the experimental database as suggested by Huttenhuis et al. [30] was used to fit the ionic interaction parameters. Huttenhuis et al. [30] critically reviewed the different available experimental data series, and they proposed a database which includes (internally and mutually consistent) solubility data over a wide range of temperature, MDEA concentration, and CO 2 loading. The objective function for minimization was the same as used throughout the entire study:
The values for the ionic interaction parameters resulting from the regression are listed in table 4, while the model correlation 
b All sources deduce the molecular diameter from the amine covolume.
TABLE 3
Coefficients for the chemical equilibrium constants used in the model. 5 to 95 [32] results are listed in table 5 and a graphical comparison between experimental and model predicted values is given in figure 5 .
The results presented in table 5 and figure 5 show that the model is well able to describe experimental (carbon dioxide partial and total system) pressures as a function of the liquid loading for aqueous MDEA solutions. However, this ability alone is not a reliable hallmark for the quality of a thermodynamic model, as it does not tell whether the liquid phase speciation is correct. A thermodynamic model to be used in gas treating processes should not only be able to predict the CO 2 pressure vs. loading curve, but also the speciation of the liquid as a function of loading. This is because the speciation is required in the determination of the actual driving force for CO 2 absorption, and thus required for the rigorous mass transfer modelling used in the design and operation of industrial absorbers. The ability of the present model to predict the speciation of the ternary subsystem ðMDEA þ CO 2 þ H 2 OÞ has been validated with a limited number of available experimental speciation data as reported by Poplsteinova Jakobsen et al. [17] , who used NMR to determine the liquid composition of loaded aqueous MDEA solutions at T = (20 and 40)°C. A comparison between the model predictions and the experimental data is given in figures 6 and 7. From these speciation plots, it can be concluded that the model predicted speciation is well in line with the experimentally reported liquid composition. The model, however, does seem to overpredict the molecular CO 2 fraction in the liquid. Additionally, the model has been tested using an experimentally determined physical property, namely the pH of a solution. Posey [33] measured the pH of an aqueous 50 wt.% MDEA solution as a function of carbon dioxide loading, and his results are compared to the model prediction in figure 8 . Judging from this figure, it can be concluded that the model is able to predict the trend in pH fairly well, despite a seemingly constant offset between experimental value and model prediction.
Discussion
Based on the results obtained so far, the Electrolyte EoS model has proven to be suitable for describing both ternary (reactive) subsystems from which the ðMDEA þ PZ þ CO 2 þ H 2 OÞ system is ''constructed". Derks et al. [11] already showed that the model was able to successfully describe CO 2 solubilities in aqueous piperazine solutions, and moreover, the model was found to predict experimentally observed pH and conductivity data well. It was shown in this work that also experimental (carbon dioxide partial) pressures over loaded MDEA solutions are correlated well by the Electrolyte EoS. Furthermore, the model predicted speciation was found to be well in line with experimental liquid composition data. Also, the model was found to predict the pH of a loaded MDEA solution fairly well. When considering the results concerning the speciation and pH, it should be kept in mind that the interaction parameters as now used in the model have been regressed using the available experimental pressure vs. loading data only.
When the two subsystems (second level from the top in figure  3 ) are combined to form the final quaternary model, basically two new (series of) interaction parameters are introduced: Firstly, the (binary) molecular interaction between MDEA and piperazine needs to be identified. Secondly, five additional, mutual ionic interaction parameters are needed in the model. This group of parameters includes on one hand the interaction between MDEAH + and (neutral and negatively charged) piperazine-species, and, on the other hand, the interaction between PZH + and MDEA.
All these parameters are to be regressed over experimental solubility data in aqueous solutions containing both MDEA and piperazine. The results will be discussed later.
Experimental results
Equilibrium partial pressure results
All experimentally obtained solubilities of carbon dioxide in aqueous solutions of MDEA and PZ are listed in tables 7 to 11, along with the corresponding partial pressures, pH and conductivity data. 1 The experimental uncertainty in this work is estimated at 4% in loading. Depending on the type of experiment, the uncertainty in CO 2 partial pressure can amount to max. 10% in the continuous gas phase experiments and to 5% when the gas phase was batchwise operated, respectively. The experimentally determined pH data are estimated to be accurate within 0.1 pH point, while the uncertainty in the reported conductivities ranges from 0.05 mS (for conductivities 55 mS) up to 0.25 mS for higher conductivities. Additional to the VLE data listed in tables 7 to 11, also the pH values of the lean solutions were determined. For accuracy reasons, these measurements were performed in a separate setup, described by Hamborg et al. [39] , using a pH glass electrode (Metrohm, type 6.0258.010) with a resolution of 0.1 mV and 0.1 K. The results are listed in table 12.
Parts of the data series in tables 7 to 9 can be compared to data from literature as these data points were measured at similar concentrations and temperatures.
The data listed in table 7 are graphically compared to the equilibrium data reported by Bishnoi and Rochelle [3] in figure 9 , and it is obvious from this figure, that both data series are in very good agreement with each other. Moreover, at low loadings a double logarithmic plot shows a linear relation between the CO 2 partial pressure and the equilibrium loading, which proves that the data from the present study are internally consistent (see, e.g. [9] ).
The (graphical) comparison -shown in figures 10 and 11 -between the experimental CO 2 solubilities in aqueous solutions containing 2.8 kmol Á m À3 MDEA and 0.7 kmol Á m À3 piperazine as listed in tables 8 and 9 and the data reported by Liu et al. [2] , shows the following trends:
The present experimental data are found to be internally consistent (linear relation in figure 11 ).
The new data at 50°C are well in line with the data reported by Liu et al. [2] . At 30°C the agreement between both sets of equilibrium data is less satisfactory. Unfortunately, no explanation could be given for this observation.
NMR speciation results
The NMR spectroscopy data taken in 4.0 kmol Á m À3 aqueous MDEA activated with 1.0 kmol Á m À3 piperazine at 298.15 K were analyzed for the concentration of the different piperazine reaction product ratios as explained in the experimental section. The results are listed in table 13. 
TABLE 12
Experimental pH data of the lean aqueous PZ/MDEA solutions. 
Modelling results and discussion
As pointed out earlier in this work, the final thermodynamic model still contains a total of six, at this point unknown, parameters. These latter parameters firstly include the mutual ionic interaction between piperazine and MDEA species. It is clear that these cannot be determined from any other (reactive) subsystem. Secondly, also the binary interaction between PZ and MDEA remains unknown, since in literature no (useful) experimental VLE data on this subsystem are available. Overall, a total of six adjustable parameters will be regressed over a selection of experimental pressure data reported on the aqueous (CO 2 + PZ + MDEA) system.
As already mentioned in Section 1, several experimental VLE data series are available in the literature. These data series were divided into three categories with respect to the regression of the remaining adjustable parameters:
1. A regression set: This selection of experimental data will be used in the actual regression of the adjustable parameters; 2. An extrapolation set: The VLE data in this set will be compared to model predictions obtained using the model and the adjustable parameters as obtained in the regression with the regression set; 3. Non-reliable experimental data: These data will not be used in the regression nor the extrapolation part of the simulation. MDEA illustrates that the equilibrium partial pressures reported by Si Ali and Aroua [5] are considerably lower than the other literature sources, especially at lower carbon dioxide loadings, and hence their data might be prone to experimental error. As this also raises questions concerning the reliability of their solubility data in aqueous MDEA/PZ solutions, the data of Si Ali and Aroua [5] were classified as aforementioned category 3 data. A detailed description of both the regression set (category 1) and the extrapolation set (category 2) data is given below.
The experimental database used in the regression (category 1) contained the experimental data series reported by Bishnoi and Rochelle [3] , Liu et al. [2] , Pérez-Salado Kamps et al. [4] , thereby including solubility data taken at a wide range of experimental conditions (see table 14 ). The following remarks should be made regarding the final regression:
The data series reported by Liu et al. ) taken into consideration in the MDEA ternary subsystem which has been discussed earlier. These particular data, however, have been added to the extrapolation data set (category 2); Also, preliminary model optimization runs were conducted and data points for which the difference between experimentally determined and model predicted (CO 2 partial and/or total) pressure was more than a factor two, were also eliminated from the database; These preliminary model optimization runs also indicated that the model showed little to no sensitivity to the (adjustable) parameters describing the interaction between MDEAH + and PZCOO À and the interaction between PZH + and MDEA. Therefore, these parameters were set to an arbitrary value of 0.010 kmol Á m À3 (see also table 15 ). It should be noted, that the negligible sensitivity of the model towards these parameters might just be a ''local" effect and this might thus change when the values of the other four interaction parameters are changed considerably; Finally, during the preliminary runs it was observed that model calculations for low loading data showed a large sensitivity towards the binary parameter k mix describing the interaction between piperazine and MDEA. The effect of the regressed ionic parameters was more pronounced at moderate to high carbon dioxide loading cases.
The final experimental database used in the regression of the parameters is specified in detail in table 14 . Results of the model optimization are listed both in table 15 (regressed parameter values) and table 14 (average deviations between experiment and model) and a parity plot between experimental value and model description is given in figure 12 .
From table 14 and figure 12 , it can be concluded that the present model is able to correlate experimental (total and CO 2 partial) pressure data within an average absolute deviation of about 23% over all the experimental conditions included in the experimental database in table 14 .
Next, the model's extrapolation qualities were explored using the experimental data series that were not used in the parameter regression: These data not only include the experimental VLE data measured in the present study, but also the experimental solubilities reported by Xu et al. [1] and the one series from the experimental data of Liu et al. [2] which was left out of regression set. A comparison between the experimentally obtained and model predicted values is given graphically in figure 13 .
From the results shown in figure 13 and table 16, the following can be concluded with respect to the different data sets:
Model predicted CO 2 partial pressures are in good agreement with the experimental data reported by Xu et al. Other experimental data to validate the model are (direct and/ or indirect) speciation data, such as pH, conductivity, and NMR data. Figures 14 and 15 show a comparison between model predicted pH and conductivity (as the total ion mole fraction present in the liquid) in an aqueous 4.0 kmol Á m À3 MDEA/0.6 kmol Á m
À3
PZ solution at 313 K, and the presently obtained experimental data listed in table 7 . Figure 14 illustrates -as in the case for the aqueous MDEA solution shown earlier (figure 8) -that, although the model is able to describe the experimentally observed trend in pH with increasing loading, it cannot predict the absolute pH values accurately. Figure   15 shows that the total ion mole fractions predicted by the model are in line with the experimentally observed trend in conductivity. Similar plots and trends are found when comparing model predictions to the other experimental pH and conductivity data listed in tables 8 to 11.
The experimentally determined pH data of lean solutions, listed in A comparison between the model predicted liquid phase composition and the available experimental NMR speciation data [3] are given in table 18 and figure 16 (present data, see also table 13).
The generally observed trend as seen in figure 16 seems logical -at least for loadings up to about 0.12:
With increasing loading, the relative amount of (protonated) piperazine (Fraction I) decreases; With increasing loading, the relative amount of (protonated) piperazine carbamate (Fraction II) increases; With increasing loading, the relative amount of piperazine dicarbamate (Fraction III) increases.
However, the speciation at a loading of 0.21 seems to deviate from the aforementioned trend. The speciation seems nearly identical to that at a loading of 0.108, but at this moment no explanation can be presented for this observation. Figure 16 shows that the model seems to predict the experimentally observed trends in speciation data qualitatively well over the range studied. However, both figure 16 and table 18 illustrate that the model, e.g. tends to overpredict the amount of dicarbamated piperazine, whereas the fraction of the monocarbamate species is underpredicted.
Based on the results obtained in both the prediction of the solubility -(partial) pressure data (table 16, figure 13 ) and the speciation study (table 18, figure 16 ), it should be concluded that although the model is generally well suited to describe and predict the so-called ''p À a" data, the model in its current form seems not to be able to predict the speciation in the quaternary system PZ þ MDEA þ CO 2 þ H 2 O satisfactorily over all experimental conditions studied.
However, based on the results obtained so far, the Electrolyte EoS model does show very promising results. Firstly, it should be stressed that in the EoS approach, it is possible to build a multiple component system from smaller, 'lower level' systems -as, e.g. illustrated in figure 3 -without the need for adjusting parameters when going from one level to a higher level. The direct consequence (and a major advantage) is that the amount of adjustable parameters per (sub)system is limited. Secondly, it should be noted that various additional improvements can be made to the model in its current state to the determination of the required interaction parameters -especially in some of the lower level subsystems, where educated guesses were necessary to determine several interaction parameters. The first improvements can be made with regard to the binary interaction parameters involving MDEA, PZ, and H 2 O which are to be regressed on experimental VLE data on the respective physical systems. And, while few experimental data have been reported on the ðMDEA þ H 2 OÞ system, no (useful) data are available on the system ðPZ þ H 2 OÞ and (MDEA + PZ). At present, the required binary interaction between piperazine and water has been estimated using pseudo data generated with the UNIFAC method [11] , while the MDEA-PZ interaction has been included using a single mixing parameter, which was regressed together with the quaternary ionic interaction parameters. It is known in the literature, that acid gas solubility models exhibit a high sensitivity towards the amine-water interaction, especially at low loadings (see, e.g. [21] ). Based on the modelling results obtained in this work it can be said that the same conclusion holds for the interaction between piperazine and MDEA. The same can be concluded from the modelling work done by Bishnoi and Rochelle [3] , who reported that a precise fit of their (low loading) solubility data could only be obtained, when the binary PZ-MDEA interaction parameters present in their Electrolyte NRTL model were regressed. This implies, that experimental VLE data on these systems are vital for a more accurate determination of the corresponding interaction parameters.
Secondly, in the EoS studies carried out so far and including this one, the p À a data of ternary and quaternary systems have been taken as the single (and only) source for the regression of interaction parameters. Based on the results seen in this study, it is suggested to also include other types of experimental data in the optimization of the interaction parameters, such as NMR speciation data, conductivity data and pH data. Including other data than the conventional VLE data in the regression of interaction parameters should be done at the lowest possible level (see figure 3) , so that the basis of the determination of the interaction parameters to be used in higher order systems becomes much more solid and thus reduce the uncertainty in these parameters considerably. Problem in this might be the formulation of a good target function for minimization, in which an appropriate weight is attributed to the various experimental results (i.e. p À a data, speciation data, pH, conductivity). All these efforts will help to make that the Electrolyte EoS model cannot only satisfactorily describe and predict the carbon dioxide partial pressure over a loaded solution, but also correctly predict speciation data. This way it will become a very powerful tool in rate based (rigorous) modelling of industrial absorber and desorber columns.
Conclusions
The bulk removal of carbon dioxide from process gas streams is, in industry, usually carried out via an absorber-desorber process operation. One promising solvent used in this process step is the piperazine (PZ) activated aqueous N-methyldiethanolamine (MDEA) solution, since it combines the benefits of both PZ (high rate of reaction with CO 2 ) and MDEA (a low reaction enthalpy with CO 2 ). An accurate design and modelling of the absorption-desorption process requires detailed knowledge concerning the thermodynamics of these absorbent systems, not only to calculate carbon dioxide partial pressures at specific experimental conditions, but also to predict the liquid phase composition, which is an essential input in rate based column models. In the present study, new experimental CO 2 solubility data in aqueous solutions containing both MDEA and PZ are reported, which not only list the carbon dioxide partial pressure at a certain CO 2 liquid loading, but also the corresponding conductivity and pH of the solution. In addition to these data, NMR spectroscopy has been applied to obtain experimental data on the liquid phase speciation of an aqueous MDEA-PZ solution, partially loaded with carbon dioxide. Simultaneously, the Electrolyte Equation of State (EoS) model, which was used in previous work to successfully describe the thermodynamics of the (piperazine + water + carbon dioxide) system, was extended to include MDEA. Prior to the extension, the ternary subsystem ðMDEA þ H 2 O þ CO 2 Þ needed to be described in order to obtain information concerning the interaction parameters unique to this system. It was found, that the Electrolyte EoS model was able to describe the available p À a data reasonably well, and moreover, also the model predicted liquid phase speciation was well in line with the experimental composition data reported by Poplsteinova Jakobsen et al. [17] .
On application of the total model to the quaternary ðPZ þ MDEA þ CO 2 þ H 2 OÞ system, it was observed that a total of four adjustable parameters needed to be regressed on experimental solubility data. The final model derived was found to correlate a wide selection of experimental solubility data well, and furthermore the model was able to predict the new experimental p À a data as obtained in this study. The model calculated liquid phase composition, however, did not match the limited available experimental (NMR) data, and therefore it should be concluded that the model in its current state is still not optimally suited for application in rigorous mass transfer models.
Nevertheless, the Electrolyte EoS model has shown very promising results, which is remarkable when considering the relatively high uncertainties in the current binary parameters describing the binary systems involving piperazine and/or MDEA (such as PZ-H 2 O and PZ-MDEA). Hence, more experimental VLE data on these physical subsystems are essential for a further development and refinement of the Electrolyte Equation of State. Moreover, the need for additional liquid phase speciation data should be stressed, as the strength of a thermodynamic model is, in the end, truly determined by its ability to predict speciation in a reliable and realistic manner.
